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CONTINUOUSLY TUNABLE OPTICALLY PUMPED HIGH-PRESSURE DF-CO,
TRANSFER LASER

SUMMARY

The possibility of operating a continuously tunable high-pressure CO, laser by excit-
ing the gas optically with radiation from a pulsed DF laser is studied experimentally
.and theoretically. The pumping radiation is absorbed by DF in a high-pressure
DF/CO, /He mixture, and subsequent vibrational energy transfer to the CO; ¥3 mode
provides the CO; laser population inversion. Continuous tuning of the CO; laser
frequency between two CO, line centres in the R-branch at 10.26 ym is demonstra-
ted at 12atm laser gas pressure, The operational characteristics of the laser are
studied for several gas mixtures at gas pressures up to 19 atm. For a 10 atm gas
mixture containing 0.6% DF, 5% CO, and 94.4% He the maximum CO, laser output
energy obtained with a two-mirror CO, laser resonator is approximately 6 mJ, corres-
ponding to a total quantum efficiency of 20%. The slope quantum efficiency is then
about 35%. The choice of gas mixture is not critical for the laser performance. A
maximum output energy of 1 mJ is obtained in the frequency tuning experiments. A
theoretical laser model is outlined, and the results of computer simulations based on
this model are in reasonable agreement with the experimental results.

1 INTRODUCTION

Since laser action was observed for the first time in a Ruby crystal in 1960, new
active laser media and new excitation techniques have been intensively studied, and
today laser radiation can be generated at practically any wavelength from the vacuum
ultraviolet to the far infrared part of the spectrum.

The most outstanding properties of laser radiation are its extremely narrow spectral
bandwidth, high degree of directionality and coherence in space and time. The radi-
ation can be continuous-wave or pulsed with pulse lengths as short as fractions of a
picosecond and peak powers up to hundreds of terawatts. These unique features have
caused a revolution in research areas like high resolution spectroscopy (1), photo-
chemistry (2) and the study of ultrafast phenomena in atoms and molecules (3), and
they have given rise to new important research fields such as laser isotope separation
(4), nonlinear optics (5) and laser monitoring of pollutants and trace gases in the
atmosphere (6).

Since these research areas are all based upon the analysis of interaction between
radiation and matter, a common requirement usually arises about coincidence be-
tween the laser frequency and energy level spacings in the atoms or molecules under
study. Serious limitations occur in many applications because it is difficult to find
practical laser sources which satisfy the frequency requirements, and one often has to
rely on accidental coincidences between existing laser lines and atomic or molecular
energy transitions. The question has therefore naturally been raised about the possi-
bility of continuous tuning of the laser frequency over the spectral regions of interest.
Such tunable lasers are invaluable spectroscopic instruments, and the development of
these sources is a great challenge to laser physicists. It is our hope to make a contri-
bution in this field with the present work which is an investigation of a new optical
excitation concept for a high-pressure carbondioxide laser.

The carbondioxide laser is one of the most powerful lasers in the infrared part of the
spectrum, oscillating on a multitude of vibrational/rotational transitions in the
9—11 um region (7). Operated at gas pressures higher than 8—10 atm CO, lasers offer
the potential of broad continuous frequency tuning since overlapping between adja-
cent vibrational/rotational lines then occurs due to the pressure broadening. It is the
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purpose of this work to investigate the possibility of operating such a high-pressure
CO, laser by exciting the gas optically with radiation from a pulsed deuterium fluo-
ride laser.

Apart from its high efficiency, the CO, laser is particularly interesting because its
wavelength range falls in the middle of the 8—14 um atmospheric transmission win-
dow. Many pollutants, exhaust gases and toxic gases have their absorption frequencies
in this region, and remote monitoring of such species in the air is an important
application for a tunable CO, laser.

Since the possibility of achieving continuous frequency tuning in high-pressure CO,
lasers was first pointed out in 1971 (8), considerable effort has been put into search
for suitable methods for the excitation of such lasers. So far most people have used
some kind of pulsed electrical excitation of the gas, including electrical discharge
excitation (9), and electron-beam sustained excitation (10). The common problem
with electrical discharges is the formation of arcs in the plasma, caused by the strong
electric fields that are required to sustain the plasma discharge at such high gas
pressures. Electron-beam sustained excitation, on the other hand, is impractical for
most purposes because of the large installations required to produce an electron-beam
of sufficient power. Although continuous frequency tuning has been demonstrated in
a few laboratories using these techniques, practical continuously tunable CO, lasers
have not yet become available. A promising technique which has been demonstrated
recently is that of using a radio-frequency discharge for excitation of a high-pressure
CO, waveguide laser (11, 12). This concept may result in a more practical tunable
laser than the electrical excitation techniques used so far.

As an alternative to electrical excitation, optical excitation with radiation from a
high-power laser has long been recognized as a very general method for production of
population inversion in various laser media. Above all, it has been used to excite
molecular gas lasers for generation of coherent radiation on a large number of new
wavelengths in the middle infrared and far infrared parts of the spectrum (13, 14).
Optical pumping exhibits a number of important advantages compared with other
excitation techniques: First of all, the excitation is inherently selective, and in prin-
ciple the whole pumping energy may be effective for excitation of the laser molecules
to the upper laser level. Conversion efficiencies from pumping photons to laser pho-
tons may approach 100% (15). In many cases the absorption of the pumping radi-
ation is also very strong, resulting in extremely high pumping rates. This feature is
especially important in a high-pressure laser, since the nonradiative depopulation rate
of the upper laser level increases proportionally with pressure and competes seriously
with the excitation. Optical pumping has created population inversion between new
pairs of energy levels in molecules that would be ineffectively excited or would even
dissociate in an electrical discharge. The general problems with discharge instabilities
and formation of arcs which are encountered in electrical discharges are all avoided in
optical pumping. Also, since negligible dissociation occurs, it is feasible to use rare
and expensive molecular isotopes in sealed-off cavities, and the wavelength range of
the laser may thus be extended.

Earlier investigators have demonstrated laser actions in CO, and N,;O at multi-
atmospheric pressures using cither a pulsed HBr laser (16) or pulsed frequency doub-
led CO; laser radiation (17) for excitation. The laser molecules were either excited
directly to the upper laser level or via energy transfer from a second molecule which
absorbed the pumping radiation. The two schemes are generally referred to as direct
optical pumping and optical transfer pumping. A summary of the earlier experiments
is given in Table 1.1. It is observed that low output energies and quantum efficiencies
have been obtained in these investigations, particularly in the case of HBr laser pum-
ping. The potential of optical pumping as an efficient excitation method for high-
pressure gas lasers was obviously not realized. Further development of optically
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Table 1.1 Summary of characteristics of optically pumped high-pressure CO, and
N, O lasers

pumped high-pressure lasers into practical, continuously tunable sources has been
hindered by the lack of convenient high-power pumping lasers. The HBr laser is the
only powerful source with a frequency suitable for direct pumping of CO, or N, O,
but so far this laser scems to be too impractical even for laboratory applications.
Optical transfer pumping of CO, or N, O via CO is possible using frequency doubled
CO, laser radiation. However, the frequency doubling depends on difficult crystal
technology, which has hindered further development.

It is a new optical transfer pumping scheme for high-pressure CO, lasers that we
investigate in this work. A pulsed DF laser oscillating on several lines in the 3.5 —
4 um region is used for pumping. The pumping radiation is resonantly absorbed by
DF in a high-pressure DF/CO, /He mixture, and subsequent vibrational to vibrational
energy transfer to the CO, upper laser level provides the population inversion. We call
this a DF =+ CO; transfer laser, and the concept is similar to that used in (20) for
excitation of a continuous-wave low-pressure DF =+ CO, transfer laser. DF lasers are
powerful, highly developed and commercially available sources which may be better
suited for the excitation than the sources mentioned above. It is the purpose of this
work to demonstrate the principle of the optically pumped high-pressure DF = CO,
transfer laser, to investigate its operation characteristics and to evaluate its potential
as a continuously tunable high-power infrared laser source.

To place this work into a greater context it is useful to look at the position of the
CO; laser in relation to existing continuously tunable lasers. Several types of such
sources have been developed, and their tuning ranges are indicated in Figure 1.1. The
dye laser is by far the most important tunable laser in the visible region, while a
number of sources are used in the infrared, including semiconductor lasers, color-
center lasers, transition metal lasers, spin-flip Raman lasers, optical parametric oscil-
lators and high-pressure molecular lasers (CO, and N;0). In addition, various frequ-
ency mixing techniques in nonlinear optical media as well as stimulated Raman scat-
tering can be used to shift the frequency of a tunable source to other parts of the
spectrum. Most of the 0.1 — 100 um range is covered in this way, and we notice that
several sources oscillate in the same region as the CO, laser. There is not room here
for a discussion of the individual sources, but a general survey with good references
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Figur 1.1  Spectral ranges of tunable coherent laser sources (21, 22)

can be found in (21). It is essential to note that these sources differ considerably
with respect to operating characteristics, reliability and ease of operation. Some sys-
tems are very complex, and in others the short lifetimes of the active media exclude
them from practical use outside the laboratory. In general, the various sources are
suited for quite different applications due to the large variations in laser parameters,
v such as output power, pulse energy, pulse length, mode quality, frequency bandwidth
and stability. It is often impossible to find a source which combines all the required
properties for a specific application, and the search for new tunable lasers is therefore

important.
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The CO; laser is by far the most powerful coherent source in the 9—11 um region.
Optical pumping provides a particularly simple and efficient excitation of the laser,
and it will be shown that continuously tunable high-power CO, laser radiation can be
generated with the presented concept. Preliminary results of these investigations were
published in (23). Considerable improvements in laser output energies and quantum
efficiencies are reported in this work, and a more detailed theoretical model including
computer simulations of the laser performance will be presented.
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It should be noted that radiation frequencies, spectral line widths and molecular
energies will all be given in units of (cm™) in this text. A diagram showing the
correspondence between the units (cm™ ), (Hz), (J) and (um) can be found in Appen-
dix A.

A list of symbols used in the text can be found in Appendix B.
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2 OPTICAL PUMPING AND THE DF-CO, TRANSFER LASER CONCEPT .
This chapter starts with a general survey of the most fundamental aspects of optical '—T
pumping, including pumping schemes and common pumping geometries. The second T

part of the chapter is an introduction to the DF-CO, transfer laser concept, which is Lo
the subject of this work. We hope that this brief discussion will facilitate the reading S
of the next chapters. e ]

2.1 The optical excitation technique

As early as in 1960 incoherent light from pulsed flash tubes was used for optical
excitation of the first Ruby lasers. Since the emission spectra from such tubes are
broad, efficient excitation can only be obtained in laser media with sufficiently broad
absorption profiles. Excitation wish flash tubes is still successfully used for instance in
solid state lasers and dye lasers.

Here we shall however restrict the discussion to the special case of optical pumping
with laser radiation. The pumping power may then be concentrated within extremely
narrow frequency bands, and this is therefore a far more general and efficient method
for the production of population inversion in various laser media. Laser radiation is
particularly efficient for excitation of gases where absorption of radiation can only
take place on narrow spectral lines. :

By using laser radiation it becomes possible to excite the molecules selectively to
specific upper states, and this opens the possibility of achieving laser oscillation on a
large number of lines that cannot be reached with other excitation techniques. The
greatest success of optical pumping has perhaps been obtained in the field of far
infrared lasers (14). FIR laser radiation originates from pure rotational transitions in
molecules, and optical pumping provides the only efficient way of establishing popu-
lation inversion between the rotational levels. Altogether optical pumping can be used
for excitation of most kinds of laser media, often leading to improved laser perfor-
mance such as higher output power, improved frequency stability and mode quality,
higher operating pressures and broader tuning ranges. Apart from being extremely
selective, optical pumping may provide extremely high excitation energy densities
when the pumping radiation is focused to a small spotsize in a strongly absorbing
medium. This property is of special importance in the present investigation of a
high-pressure CO, laser. Since the decay rate of the upper laser level increases propor-
tionally with pressure, high pumping energy densities are required to maintain the
population inversion.

2.1.1 Optical excitation schemes

In Figure 2.1 two principal energy level schemes for optical excitation of a laser
molecule are illustrated. The simplest is direct optical pumping (a) in which the laser
molecule is excited directly from its ground state g to the upper laser level u by
radiation at frequency vp. Laser oscillation at frequency ¥; occurs to a lower level £ G
which is often essentially unpopulated at room temperature. The other possibility is Cenl
the optical transfer pumping scheme (b) where 2 mixture of two different molecules Lk
is used. The first molecule only acts as an absc er for th mping radiation, and it
is excited to a transfer level t. Via collisions ber. .... the vo molecules the energy is
transferred to the upper laser level u, and popul.--un inversion with respect to the
level £ is thereby established. The most important advantage of optical transfer pum-
ping is that it relaxes the requirement of exact matching between the pumping laser
frequency and the absorption frequency of the laser molecule. It is even possible to

N,
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use the same combination of a powerful pumping laser and an absorbing molecule for o -
optical transfer pumping of several different laser molecules or isotopes (17). [N
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It is the optical transfer pumping scheme that we use in this work, and we shall make
some general comments on the transfer process, which is naturally critical for the
laser performance. First, it should be remarked that the energy transfer may be very
fast even with energy differences AE of several hundred cm™ between the levels t
and u. The transfer speed is proportional to the partial pressure of the laser gas and
may thus be varied. In a favourable situation the energy transfer is much faster than
the decay from the two levels. A positive energy difference (AE= E;,—E, >0) favours
population of the u-level, and an almost complete energy transfer may then occur.
This is important with respect to laser gain.

—
- b e e

. In general the picture is much more complicated than indicated in Figure 2.1, mainly
X because a large number of energy levels become involved via relaxation processes. In
the case of an infrared molecular gas laser the levels shown in Figure 2.1 are actually

rotational sublevels within different vibrational states, and fast relaxations induced by
e collisions occur within the rotational sublevel manifolds as well as among the vibratio-
nal levels. A discussion of laser excitation can therefore not be made without conside-
o ring these relaxations. We shall see in later chapters that the choice of gas mixture is
o especially important for an optimization of these processes with respect to laser gain
R and output power.

2.1.2 Optical pumping geometries

We shall now consider two principal geometries which can be used in optical pump-
ing. Figure 2.2 shows schematics of the longitudinal (a) and the transverse (b) pump-
',; ing geometries. The discussion will be concentrated on longitudinal optical pumping,
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Figure 2.2 Optical pumping geometries
bp - pumping radiation frequency
¥, — frequency of the radiation from theoptically pumped laser
BS — beamsplitter
M; — input mirror at vp and output coupler at ¥

since that geome:ry is used in this work. The abbreviation OPL is frequently used for
“optically pumped laser” in this section.

In the longitudinal pumping geometry the pumping radiation is introduced along the
OPL resonator axis. Special spectral characteristics are then required at the beam-
splitter (BS) and input mirror (M, ). Ideally, the beamsplitter should reflect 100% at
vp and transmit 100% at »; while the input mirror should transmit 100% at ¥p and
provide a suitable output coupling at »; . Such an optimization at two frequencies is
not trivial and some reflection or transmission losses must usually be allowed for.

An important consideration is that of spatial matching between the pumping laser
beam and the OPL TEM,, resonator mode. To obtain high conversion efficiency and
laser beam quality close matching is required. The ideal pumping beam in most
situations is a TEM;, fundamental Gaussian beam, but from the theory of Gaussian
beams (24) we know that a perfect overlapping with the OPL TEM,, mode is never
possible, because vp and v, are different frequencies. However, with a suitable focus-
ing of puraping beam and choice of mirror radii in the OPL resonator, it is possible
to achieve a reasonable matching in most cases. The problems usually arise when the
pumping beam is a multimode rather than a fundamental Gayssian beam. This may
lead to excitation of higher-order transverse OPL resonator modes, reducing the spec-
tral purity of the OPL radiation.

The longitudinal pumping geometry is generally applicable, offering the advantage
that the OPL cavity length can be adjusted according to the absorption distance of
the pumping radiation. There is, however, one fundamental limitation determined by
the maximum pumping power or energy densities that are tolerated on mirrors and
windows before radiation damage occurs. When the beam from a high power laser is
focused to a small spot on the OPL input mirror, the damage threshold is easily
exceeded, and this will be a major concern in the present work.
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The latter problem is significantly reduced in the transverse pumping geometry shown
in Figure 2.2b, with the pumping radiation coming in perpendicular to the OPL
resonator axis. The radiation is usually focused onto the axis by a cylinder lens, and
the resulting pumping power density on the optical surfaces is generally lower than in
the longitudinal pumping geometry. This approach is also simpler because the special
spectral characteristics of the beamsplitter and input mirror are no longer needed. The
matching between the excited gas volume and the OPL resonator mode may seem to
be a problem, but by using an optical waveguide instead of an open OPL resonator,
laser oscillation on a single transverse waveguide mode can be obtained. Efficient use
of the transverse pumping geometry normally requires that the pumping radiation is
absorbed over a distance comparable to the width of the OPL resonator mode. In the
present work the absorption distance was substantially longer and a longitudinal
pumping geometry was consequently chosen.

2.2 The DF-CO, transfer laser concept

We shall now turn to a discussion of the particular laser concept that is studied in
this work and point out some of its most fundamental features. As explained in the
introduction, the purpose is to investigate the possibility of operating an optically
excited high-pressure carbondioxide laser, and to evaluate its potential as a conti-
nuously tunable laser source. The theory of the CO, molecule as an amplifying laser
medium will be treated in section 3.1, but at this point it suffices to know that CO,
lasers exhibit gain on a multitude of vibrational/rotational transitions in the
900—1100 cm™ (9—11 um) region. Conventional CO, lasers are operated at gas pres-
sures lower than or equal to one atmosphere, and a typical gain spectrum of a 1 atm
CO, laser is given by the lower curve of Figure 2.3. We observe that laser oscillation
can occur only on discrete lines, and the widths of these lines are typically 10% of
the interline spacings. The linewidths increase proportionally with the gas pressure
due to collision broadening, and in a 10 atm CO; laser the gain spectrum will look
like the upper curve in Figure 2.3. Complete overlapping between adjacent vibra-
tional/rotational lines provides a continuous gain profle and the possibility of conti-
nuous tuning of the laser frequency is obvious. The notations P-branch and R-branch
will be explained in chapter 3.

\ cAIN P-BRANCH R-BRANCH
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Figure 2.3 CO, laser gain spectra (after 25)
Lower curve ~ 1 atm gas pressure
Upper curve — 10 atm gas pressure
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PuLSED A schematic of our experimental ar-
DEUTERI rangement is shown in Figure 2.4, and
mg‘ the longitudinal pumping geometry of
LASER Figure 2.2a is recognized. The pump-
V. = 2680 OPTICALLY PUMPED ing source is a pulsed deuterium fluo-
P 2000 OF — €O, TRANSFER LASER ride laser which oscillates on several
lines in the 2500—-2900 cm™
— ) (3.5 — ¢ um) region. The radiation is
€0, LASER RADIATION e absorbed by DF in a high-pressure

n =100 et DF/CO;/Me DF/CO, /[He mixture, with subsequent
collisional energy transfer from DF to
the CO, upper laser level. A further
discussion about details in the set-up

Figure 2.4 Schematic of experimental is given in chapter 5.

set-up used for optical pump-

ing of the DF = CO, transfer Our intention is here to give a brief

laser survey of the sequence of processes
that are important in the conversion
from DF laser pumping photons to

CO; laser photons. If this picture is kept in mind it should facilitate the reading of

the next chapters.

The energy level diagrams of the DF pumping laser and the optically pumped
DF-CO, transfer laser are shown in Figure 2.5. Notice that the vibrational levels are
marked with heavy lines, while thin lines indicate rotational sublevels. We shall briefly
consider the transitions of the DF laser molecule (Figure 2.5a). Since DF is a two-
atomic molecule, it has a single vibrational frequency, and the vibrational levels are
marked with quantum numbersv=0,1, 2, 3.... Rotational sublevels with quantum
numbers J and J—1 are also indicated. DF laser oscillation may occur on 25--30
vibrational/rotational transitions, three of which are shown in the figure. These are
lines within the v=1+v=0,v=2+v=1 and v=3-v=2 vibrational bands, and we
shall briefly refer to them as the 10, 2-*1 and 3-*2 lines. Depending on the chosen
DF laser resonator configuration it is possible to obtain laser oscillation on all these
lines simultaneously or on a single line only.

Figure 2.5b shows the relevant energy levels of the DF#CO,; transfer laser, and the
principal excitation scheme of Figure 2.1b is recognized. The levels of the DF absorb-
ing molecule are identical to those of Figure 2.5a, while the CO, energy level diagram
is somewhat more complex. A three-atomic linear molecule like CO, has four normal
vibrational modes but only three characteristic vibrational frequencies v,, ¥, and v;,
since the ¥;-mode is doubly degencrate. The two first excited vibrational levels of
ecach mode are shown in the figure, and two possible CO, laser transitions are also
indicated (see chapter 3 for further details).

In the description of the sequence of processes that occur in the laser, it is useful to
start with the excitation. One solid and two dashed arrows indicate that the excita-
tion involves just the same transitions in the DF absorbing molecule as those of the
DF laser molecule. There is thus an inherent matching between pumping laser fre-
quencies and the absorption frequencies. This is a unique and favourable feature of
this laser system. Since practically all the DF molecules are in the vibrational ground
state at room temperature, the excitation process can only be initiated by the 10
DF laser pumping lines, as indicated by the solid arrow. If a single pumping line is
used, this must therefore be one of the 10 lines. On the other hand, using a
multiline DF laser, the 21 and 3-*2 lines may also contribute to the excitation as
the DF molecules are excited step by step up their vibrational energy ladder. This is
indicated by the dashed arrows. An important part of this process is the internal
vibrational relaxation which tends to establish a Boltzmann distribution over the DF




vibrational levels. We shall in fact assume in chapter 3 that Boltzmann distributions
with characteristic vibrational temperatures are always maintained within each of the
four vibrational energy ladders in DF and CO,.
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Figure 2.5 Energy level diagrams of the DF pumping laser (a) of the DF = CO,

transfer laser (b)

Heavy lines — vibrational levels

Thin lines — rotational levels

Laser transitions, pumping transitions and energy transfer are indicated by arrows (see
text)

It is indicated in the figure that the energy transfer from DF to CO, takes place
between the first excited vibrational levels of DF and of the CO, v; mode. A more
correct picture, which we shall adapt in chapter3, is to consider the process as
energy transfer between the two vibrational energy ladders. A favourable condition is
the fact that the DF vibrational energy quantum is about 550 cm™ larger than the
CO, v; quantum, which means that almost complete energy transfer to the »; mode
can be obtained (26).

Along with the energy transfer a population inversion is established between the first
v3 vibrational level and two lower lying », and », levels which are essentially unpo-
pulated at room temperature. CO, laser oscillation may then occur on a multitude of
vibrational/rotational transitions. These are the regular CO, laser lines, but we shall
see in section 3.1 that the so-called sequence band transitions originating from higher
vy vibrational levels may also play an important role, especially in a high-pressure
CO, laser where they overlap with the regular laser transitions.

Relaxations from vibrational to translational/rotational energy (V-T/R processes) and
exchange of vibrational energy among the CO, vibrational modes (V-V processes) are
important because they determine whether the population inversion can be main-
tained. It is intuitively understood that V-T/R processes in DF and in the CO,»,
mode as well as V-V transfer from the v; mode to the v, and v, modes are detri-




mental to CO, laser gain, while V-T/R relaxation of the v, and v, modes should be
fast to avoid a bottle-neck and population build-up in the lower laser levels.

We shall now briefly consider how the choice of gas mixture will influence the
different processes. The DF partial pressure should obviously be high enough to
ensure a reasonable absorption of the pumping radiation. Unfortunately DF is also a
serious deactivator for the CO, v; mode, and a compromise has to be made to avoid
a too rapid decay of the upper laser level. The amount of CO, is primarily important
for the energy transfer rate form DF to the CO, »; mode, and already at a CO,
partial pressure of 0.5 atm this rate is much larger than the decay rate of the v,
mode. To increase the total gas pressure further, it is favourable to use He instead of
CO;. One reason is that He provides slower decay of the CO, v; mode and faster
decay of the v, and v; modes than CO, does itself. Equally important is the fact
that the DF absorption lines are about ten times less broadened by He collisons than
by CO, collisions, which means that a much stronger absorption of the pumping
radiation can be maintained at high total gas pressures. Nevertheless, the broadening
of the absorption lines is responsible for increasing the absorption lengths from a few
millimeters to several centimeters and this is the reason why a longitudinal pumping
geometry was chosen in this work. These aspects will all be discussed in further detail
in chapter 3, and we shall only mention here that a typical 10 atm DF/CO,/He
mixture used in the experiments contains 0.5% DF, 4.5% CO, and 95% He.

| ® We end this chapter by giving some
typical examples of results that have
PUMPING been obtained in this work. Figure 2.6
LASER shows the relative time evolutions of
the DF pumping laser pulse (a), the
CO, laser small signal gain (b) and the
CO, laser pulse (c) for a 10 atm laser
} gas mixture. The CO, laser oscillation
® builds up in a period of about 250 ns,
co, and due to the high gain at the end of
LASER this period, the integrated excitation
anw energy in the CO, v; mode is extrac-
ted in a short and intensive laser
pulse. This phenomenon is called
el gain-switching. The pulse energy is
® about 4m] which corresponds to a
co, quantum efficiency of 15% measured
"':':":‘ relative to the number of absorbed
pumping photons. The peculiar under-
shoot in the measured small signal
=~ 8ain requires a closer explanation
00 02 04 08 08 10 12 14 which will be given later.

TIME AFTER START OF PUMPING PULSE [a)

Figure 2.6 Typical time evolution of the
DF pumping laser power (a),
the CO; laser small signal gain

(b) and the CO, laser power (c)
The undershoot in the smail signal
gain will be explained in chapters 5
and 6 (arbitrary ordinate units)
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3 THEORY OF THE OPTICALLY PUMPED HIGH-PRESSURE DF-CO, TRANS-
FER LASER

The purpose of this chapter is to present a theoretical model which can describe the
time evolution of the gain and the laser radiation intensity of the optically pumped
high-pressure DFCO, transfer laser. This model has been used in computer simula-
tions of the laser characteristics, and the results of such simulations are presented in
chapter 4.

While considerable effort has been put into the theoretical modelling of electrically
excited CO, lasers (27), very few theoretical investigations of optically pumped CO,
lasers have been reported in the literature. The only theoretical investigation with
relevance to our work has been made by Stepanov and coworkers (28), who presen-
ted a simplified model of an optically pumped transfer laser. The CO,-*N, O transfer
laser system was chosen as an example in the calculations, with relevance to an earlier
experimental investigation of a high-pressure CO,*N,O transfer laser pumped by a
pulsed HBr laser (19). (The latter work was also referred to in chapter 1). Results
were presented for the spatial distribution of the laser gain, but no calculations were
made of the time evolution of the laser intensity, and a precise comparison with the
experimental results of (19) was therefore not possible. Instantaneous energy
exchange between the v; modes of CO, and N, O was assumed in the model, and
several energy relaxation processes were ignored which reduced the validity of the
results.

We find that several extensions of the model are required for a correct description of
our laser system. Particularly, since it is a high-pressure laser, we have to account for
the effects of line overlapping and the contribution to the laser gain from the so-
called sequence band transitions (29). These effects were not taken into account in
Stepanov’s model, but we shall see that they may become very important in a high-
pressure CO, laser.

To our knowledge the present work is the first where the results of a reasonably
comprehensive theoretical model are compared with experimental results for an opti-
cally pumped high-pressure CO, laser. It has not been possible within the frame of
this work to take into account all the effects that are discussed in this chapter in the
computer calculations of chapter 4, but effects that are ignored will be discussed as
sources of error in the computed results.

Section 3.1 treats the general theory of the amplification of radiation in a high-
pressure CO, laser, while the special theory of the optically pumped DF-+CO, trans-
fer laser is outlined in section 3.2. The theoretical model with its basic assumptions
and simplifications is summarized in section 3.3.

3.1 High-pressure CO, gas as an amplifying laser medium

Throughout this text we shall ignore the electronic energy of the molecules, since
they will always remain in their electronic ground states. Being a three-particle sys-
tem, the CO, molecule then has nine degrees of freedom. Since CO, is also a linear
molecule, the motion of the centre of gravity (translation) and the orientation of the
molecular axis (rotation) can be specified in terms of five degrees of freedom, leaving
the vibrational motion to be described in terms of four normal vibrational modes.
The part of the molecular energy that we shall be concemed with is thus split into
translational, rotational and vibrational energy. We shall see that the transport of
energy among the various degrees of freedom plays an important role in the CO,
laser gas.
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3.1.1 Energy levels and regular laser transitions of the CO, molecule

A general theory of energy levels and infrared transitions in polyatomic molecules
including CO, can be found in (30). The four normal modes of vibration of the CO,
molecule are illustrated in Figure 3.la. They are the symmetric and asymmetric
stretching modes and the two degenerate bending modes, describing bending motions
in two perpendicular planes. The respective characteristic vibrational frequencies are
called »,, v; and v,, and the corresponding vibrational energy diagram is shown in
Figure 3.1b. (The two bending modes are usually treated as one doubly degenerate
mode with characteristic frequency ¥;.) The energies of the vibrational levels of mode
number i are approximately given by the harmonic oscillator expression

E; = hwje(vi+ 3 (3.1)

where
v; — vibrational quantum number

Due to anharmonicity and coupling between the modes, the energy levels are not
exactly equidistant, and small terms may be added in equation (3.1) to account for
this. Consequences of such effects will be discussed later.

Only single mode vibrational levels as expressed by equation (3.1) are shown in
Figure 3.1b, but a molecule can generally be excited to levels which are superposi-
tions of levels of the three modes. The general vibrational state is denoted by (v,
v v3), where! is an additional quantum number for the doubly degenerate ¥, mode,
representing the vibrational angular momentum about the molecular axis. ! can take
the values v;, v;—2, v;—4,..., 1 or 0, and since each level with /# 0 is doubly
degenerate, there are altogether v,+ 1 levels belonging to the same v,. These levels
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Figure 3.1 The normal modes of vibration of the CO; molecule (a) and the correspon-
ding vibrational energy diagram (b)
The two bending modes are treated as one doubly degenerate mode with characteristic
frequency ¥,
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are split due to anharmonicity and perturbations, but in the calculations of popula-
tions and partition functions in section 3.1.3, we shall make the approximation that
the levels are degenerate.

The two vibrational transitions involved in conventional low-pressure CO, lasers are
also shown in Figure 3.1b. They both originate from the (00°1) upper laser level, and
they are called the requlax CO, laser transitions. The respective frequencies are
961 cm™ and 1064 cm™ corresponding to 10.4 um and 9.4 um wavelengths. It is
important to notice that the two lower levels are not pure vibrational levels of the »,
and v, modes. The pure (10°0) and (02°0) levels are accidentally degenerate, differ-
ing in energy by only 83 cm™, and interaction between the pure states leads to
perturbation of the energy levels. This interaction is usually called Fermi resonance,
and the resulting pair of energy levels differ in energy by about 108 cm™ . Since the
resulting states are mixtures of the two pure states, it is no longer correct to denote
them by (10°0) and (02°0), but for simplicity we shall use this notation also in the
following text. A more correct notation which may be found in other texts is (10°0,
02°0)1 and (10°0, 02°0)j1 where I is used for the highest of the two levels. Generally
the Fermi resonance occurs within all sets of accidentally degenerate levels of the

type
(vi vl va), ((vi=1)(va+2)! va), ((vi=2)(va+4) v3), .. ...

and some of these are important in high-pressure CO, lasers as discussed in sections
3.1.2 and 3.1.5.

Each of the vibrational levels is

split into a multitude of rotational

sublevels, and the rotational ener-
I gy can be written as

Pmnv fomt]

Ey =B-J(+1)-D-J*.(+1)*+..
(3.2)

where

- J — rotational quantum number
B - rotational constant

D — centrifugal distortion con-
stant

The second term comes in because
the molecule is not a perfectly
rigid quantum mechanical rotator.
Closer examination also shows
that B and D both depend on the
vibrational state of the molecule,
pyi which is a result of coupling be-
tween rotation and vibration.

oL — Figure 3.2 shows the rotational
sublevel structure of the (00°1)
and (10°0) vibrational levels, and
Figure 3.2 Rotational sublevel manifolds of the population distribution p(J) in
the (00°1) and (10°0) CO, vibra- the rotational manifold is also in-

tional levels dicated. A further discussion of

P()) is the population probability of the rotational the populations of the various
::?ll- Two CO; laser transitions, P(18) and R(18), states is made in section 3.1.8.
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In the standard isotope '2C'¢ O, alternate rotational levels are missing in the upper
and lower vibrational laser levels. This is the case for linear molecules with a centre of
symmetry and zero nuclear spin in atoms outside the symmetry centre (30), and the
situation is different for some of the other CO, isotopes. We have only used the
standard isotope in this work, but use of other isotopes will be an interesting exten-
tion of the experiments since overlapping between adjacent CO, laser lines occurs at
lower gas pressure in isotopes where all rotational levels are present.

Selection rules for electric dipole transitions only allow

AJ = Jypper —JLower = 0>t 1 (3.3)

AJ =0 is forbidden if Al=1[ =0 (30), which is the case for most of the transitions
that are relevant in the CO, laser. The convention is to write P(J) and R(J) for
transitions with AJ = —1 and AJ = +1 respectively, where J is the rotational quantum
number of the lower laser level. Two such transitions, R(18) and P(18), are shown in
Figure 3.2. The group of P- and R-transitions form the P- and R-branches in the
infrared spectrum, and these were shown earlier in the CO, laser gain spectra of
Figure 2.3. The interline spacings are smaller in the R-branch. This is a consequence
of the centrifugal distortion term in equation (3.2), and it is important in the high-
pressure CO, laser because line overlapping occurs at lower gas pressure in the
R-branch. -

3.1.2 Sequence bands and hot bands

Normally the regular CO, laser transitions discussed in section 3.1.1 are the only
observed transitions in a CO, laser. It is known however that a number of other
transitions originating from higher-lying vibrational levels may contribute to the laser
gain and that they are particularly important at high gas pressure (29). The situation
is illustrated in Figure 3.3a. Transitions of the type

(00%v;) = (10°(v3—1)) or (02°(vs—1)),vs > 2

are called sequence band transitions, and these bands become increasingly important
with increasing excitation of the v; mode. Transitions of the type

(01'vy) = (11! (v3—1)) or (03'(vs—~1)),vs>1

are called hot bands, and these occur because the first excited v, vibrational level is
populated via stimulated emission and relaxation processes in the laser or via thermal
excitation.

Figure 3.3b shows that the frequency ranges of the sequence bands coincide very
closely with those of the regular bands, and the small shifts of 2—3 cm™! per band are
explained by anharmonicity and coupling between the vibrational modes. The hot
bands are significantly more shifted, mainly because the Fermi resonance coupling
gives a larger splitting of the lower hot band levels.

In low pressure CO, lasers the effects of sequence bands and hot bands have been
observed in measurements of anomalously high gain coefficients on regular laser lines
that are accidentally overlapped by sequence band lines or hot band lines (29). Also
by suppressing the regular laser lines, it has been possible to achieve laser oscillation
on the sequence and hot bands (31). In high-pressure CO, lasers the line structures
merge into continuous gain profiles, and the gain on the sequence and hot bands adds
effectively to the regular laser gain without the need for accidental coincidences.
Especially the contribution from the sequence bands may be large since these bands
are only slightly shifted from the regular bands and because the v3 mode may be very
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Figure 3.3 Se%uence bands and hot bands of the CO, molecule
a) Vibrational energy level disgram showing sequence band transitions and hot band
transitions
b) Frequency ranges of sequence bands and hot bands
The regular bands are included in a) and b) for comparison
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strongly excited. The hot bands may also contribute significantly in certain frequency
regions. This is discussed further in section 3.1.5.

3.1.3 Population distributions and the four-temperature model
If the gas is at thermal equilibrium at a temperature T, the probability p(n) of finding

a molecule in a vibrational/rotational energy level n is given by the Boltzmann
distribution

E, ,

=1 kT

p(n) = =.0_-¢ (3.4)
Q n
where
6, — degeneracy of theleveln
E, — cnergy of theleveln
n — short notation for the quantum numbers (J, v; v;f v3)
and
En

Q=2Z:.0,-¢ kT —vibrational/rotational partition function

n

By ignoring the small terms in E,, representing the coupling between vibration and
rotation, one can make the separation

Q = Qv-Qr (3.5)

where Qy, and Qg are vibrational and rotational partition functions. One can then
calculate the vibrational and rotational population probabilities separately so that

pU, vi vt vs) = p(J) - p(vs vof v3) (8.6)

The distribution p(J) has already been indicated in Figure 3.2, and p(J) has a maxi-
mum at about J =16 at room temperature duec to the degeneracy 6;= 2J+1 of the
rotational levels. The expression for the vibrational population probability becomes
particularly simple in the harmonic oscillator approximation

hy, hy, hy,
-Vy — -Vzk— “V3—=
p(vy vl vy) = A .. KT -0, T.e "X (3.7a)
vV
where
Qv = J(1—-¢ ¥T). (1—¢ ¥T) .(1-¢ ¥T) (8.7b)
and

2,1%0
o {1,1=o

It has in fact been shown (32) that the separation of vibration and rotation and
neglection of anharmonicity and Fermi resonance effects lead to errors of only 1-2
per cent in the partition functions, and this accuracy will be sufficient in our laser
model.




B e (It Can el & mase dasal miast S Pho S Jhairth dF U at Tl SRt Y S Gl el e il it el peir i e it SR AR MRS of

24

Having established approximate expressions for the population probabilities at thermal
equilibrium, the question is if they can be useful in the description of a CO, laser gas
where non-equilibrium conditions exist. In the CO, laser a large amount of pumping
energy is injected into the gas, and a sequence of processes follows which brings the
gas back towards thermal equilibrium. We shall see that some basic assumptions about
the statistical situation in the gas during these processes will greatly simplify the
picture of the laser dynamics. The assumptions are the following:

a) The translational and rotational degrees of freedom are always in statistical equi-
librium at 2 common temperature T.

b) Statistical equilibrium always exists within each of the vibrational modes, and
characteristic vibrational temperatures T, T, and Ty may be associated with the
¥y, ¥, and v3; modes.

These assumptions are generally referred to as the four-temperature model (27), and
the justifications for this model are the following:

— Energy exchange within the rotational degrees of freedom (R-R exchange) and
between the rotational and translational degrees of freedom (R-T exchange) occur
fast, the mean time between successive enecrgy exchange events being typically one
tenth of that between successive gas kinetic (T-T) collisions (33, 34). In good
approximation it may thus be assumed that statistical equilibrium exists between
translation and rotation throughout the many processes that involve exchange of
vibrational energy. Being in statistical equilibrium, the T/R degrees of freedom may
be characterized by a common temperature T.

— Exchange of vibrational quanta within each vibrational mode is a nearly resonant
process which occurs faster than the exchange among different vibrational modes
(V-V exchange) and exchange with the T/R degrees of freedom (V-T/R exchange)
(85, 36). This fact justifies the assumption that statistical equilibrium is always
maintained within each vibrational energy ladder, and characteristic vibrational
temperatures T;, T, and T; may thus be associated with the »;, v, and v,
vibrational modes.

The v, and ¥, modes are strongly coupled through the Fermi resonance, and they are
usually assumed to possess a common vibrational temperature T, = T, (36). Actually,
since the ¥, and ¥, states are mixed in the Fermi resonance, it is no longer meaning-
ful to use different temperatures T, and T,, which will be discussed in section 3.2.5.

The existence of four characteristic temperatures in the CO; laser gas was first pro-
posed by Gordietz etal (37) and Moore etal (38), and this has been the basic
assumption in later CO, laser models (27). The great advantage of such an approach
is that the large number of rate equations for the populations of individual vibrational
levels can be replaced by a few rate equations for the energies stored in each of the
vibrational modes.

The validity of the assumptions can only be confirmed by measuring the populations
of the various levels under realistic laser operating conditions, and such measurements
have recently been made both in continuous-wave (39) and pulsed (36) electrically
excited CO, lasers. These measurements include the use of regular band, sequence
band and hot. band lasers for probing of populations in several vibrational levels. Also
by using a tunable diode laser for probing, Dang et al (40) have been able to probe
populations of levels up to (00°9) in a cw CO, laser discharge. The results seem to
confirm the validity of the four-temperature model with the common temperature
T, =T, for the »;, and v, modes. Deviations from a Boltzmann distribution are
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observed for high v, levels, but since these give small contributions to the gain, the
assumption of a Boltzmann distribution can still be maintained.

Knowledge of the time evolution of the characteristic temperatures in this approxi-
mate model allows us to calculate the population of any vibrational/rotational level
and the gain on any transition as a function of time. The rotational population
probabilities p(J) are determined by T, while the vibrational populations are found by
including T,, T, and Tj in the expressions of equation (3.7)

vy oy L R L |
p(vy vi vs) = 1 .. h 6, -¢ kT2 e ‘T8 (3.8a)
Qv
h
wnere -!ﬂ _Ev_z 2 -h_pa -
. kT
Qv={(1—¢ I‘T')-(l—e T2 ) c(i—e ) (3.8b)

We shall rewrite the expressions for later use in our laser model, introducing the
quantity N; which denotes the average number of excited ¥; quanta per CO, mole-
cule. It is easily found that

hl’i
kT, .
Nj=( '-1) , i=1,3 (3.9a)
% w
kT -
N, =2 2_y)° (3.9b)

The equations (3.8) and (3.9) give

! =1 .8 v,. (N vz. N, Vs
p(vy vy v3) Qv (1+N1 ) -6, (2+N2) (1+N3) (3.10a)
and
N 2

It is convenient to use N; instead of T; in the modelling of the energy flow in the gas
because Nj-hy; is simply the average vibrational energy per CO, molecule stored in
mode i. The energy flow including V-V and V-T/R processes can be described by a
set of rate equations for Ny, N, and Nj, and this will greatly simplify the theory of
the DF>CO, transfer laser in section 3.2.

3.14 CO, laser gain

When radiation of frequency v travels in the z-direction through an amplifying laser
medium, the radiation intensity I(») increases according to

dI(v

-af—) = o (v)-1(v) (3.11)
where L
y
op (v) — laser ga.. coefficient at the frequency v x
S
.
i

-
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In this section we consider the case where only a single laser transition contributes to

the gain. The gain coefficient can then be expressed as (27) C

=1 Oy * )

o (v) = 8wcy? "Ayg-g(v) - (N“—O—Q -No) (3.12) -—-—*14

.4

where C

]

c — speed of light ' S

Aye — spontaneous Einstein coefficient - '. )

g(¥) — line shape factor for the laser transition (fg(v)dv = 1) :
Ny» Ng — upper/lower laser level population densities S

6,0y — upper/lower laser level degeneracies

0
= N, — U, N, 3.13
AN u [’] 9 £ ( )
is the population inversion.

In high pressure gas lasers the transitions are predominantly collision broadened,
giving Lorentzian line shapes

— (3.14)

where

Vo — line centre frequency

7, — Lorentz half width at half maximum
7, depends on the gas mixture and is proportional to the gas pressure.

The population inversion AN on a CO, laser transition can be expressed in terms of
the probabilities p(J) and p(v; v;f v;) which were discussed in section 3.1.3. As an
example we may consider an R(J) transition in the (00°1) - (10°0) regular CO, laser
band. AN is then given by

Nco N 21+ N
AN = 2 4 —3__. +1 -_J___..._‘_. (3.15)

where
NCO, — density of CO,; molecules.

It can be observed that AN reaches a maximum at N = 1 which corresponds to T, =
4880 K. Stronger excitation of the v; mode only leads to increased gain on the
sequence bands while the gain on the regular bands decreases.

(- It is important to note that the gain will be affected by the radiation intensity I(»), o
i since the molecules are brought from the upper to the lower laser level in the ) 9
amplification process. This is clearly observed in the build-up of the radiation inten-

3 sity in a pulsed laser like the one we study in this work. In the first period after the S

1 start of the excitation, the intensity increases exponentially according to equation

- (8.11). After a time 7 the intensity becomes so high that the stimulated emission rate S

3 out of the upper laser level exceeds the pumping rate, and due to the high gain the -

:' integrated pumping energy is extracted in a short and intense laser pulse. This pheno- e
T

T ®Note that ¥ and g(¥) are given in units of (cm™}) and (cm")'l respectively. ,




menon is called gain-switching, and the time 7 before the saturation of the gain sets is
called the laser oscillation build-up time.

An example of such a gain-switched pulse was shown earlier in Figure 2.6. Efficient
extraction of the stored excitation energy does not start until saturation of the gain
sets in, and it is therefore important that the build-up time is shorter than the
non-radiative decay time of the upper laser level.

3.1.5 High-pressure CO; laser gain
The full width at half maximum (FWHM) of collision broadened laser transitions is SRS ‘
found from equation (3.14) to be twice the Lorentz half width y; . In CO, lasers e

collision broadening is predominant at pressures above 100 torr, and 27, increases with
0.12—-0.19 cm™ per atmosphere depending on the gas mixture (41).7, varies slightly : B
for the different transitions, and it depends on temperature. Since the spacings be- el _'4
tween adjacent CO, laser lines are 1—2 cm™, considerable line overlapping is obtained
when the pressure is increased to ten atmospheres, making continuous tuning of the
laser frequency possible. Figure 3.4 repeats the calculated CO, laser gain spectra at
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Figure 3.4 CO, laser gain spectra (after (25))
Lower curve — 1 atm gas pressure
Upper curve  — 10 atm gas pressure

1 atm and 10 atm pressure that were shown earlier in Figure 2.3. Only regular CO,
laser transitions are taken into account in the calculation of these spectra. We shall
make some comments about the interpretation of the curves and about factors that
influence the variation of the gain with gas pressure.

It is useful to look back at the equations (3.12) and (3.14) for the single line gain
coefficient o; (v) and ihe Lorentz line shape function g(v). The value of the line
shape function at the line centre is given by g(vy) = (7-y; ). We then find that the
b, line centre gain varies according to

3 @ (Vo) = AN .7 i

[
L




where AN is the population inversion. 7, is proportional to the gas pressure, and if we
assume that a constant pumping energy is available, AN will normally decrease with
increasing pressure due to faster relaxation processes. There will thus be a serious
reduction in the line centre gain for increasing pressure. However, as soon as the lines
start to overlap, the reduction is greatly compensated for as illustrated in Figure 3.4.
The pure contribution from line overlapping is here sorted out as the difference between
the two curves, by letting AN be proportional to the pressure in the calculations. It is
mportant to note that the gain increases faster in the R branch than in the P branch due
.0 the closer line spacings. The ratio of the line centre gain including line overlapping to
‘he single line gain will be called «.

Equally important in a high-pressure CO, laser is the contribution to the gain from
e sequence bands. It was shown in Figure 3.3b that the sequence bands were only
lightly shifted from the regular bands, and at high gas pressure with continuous gain
jpectra, the gain on the sequence bands add effectively toc the gain on the regular
>ands. We shall write «, for the gain on transitions originating from the (00%n)
riorational level, and the ratio ay:a, is approximately given by (29)

-(n-x)h—‘g
!ﬁ = pn-e kT (3.16)
1

shere the Boltzmann factor comes from the ratio of the upper laser level populations
it the vibrational temperature Tj, and the factor n is the ratio of the square of the
natrix elements calculated in the harmonic oscillator approximation. Deviations from
he factor n will occur because of variations in the Fermi resonance coupling for the
lifferent bands. However, data for these corrections are not well known, and we shall
nake our calculations in the approximation of equation (3.16). Introducing the quan-

ity N; from section 3.1.3 and summing the contributions from all bands we find
hat

:':sl a, = a-(1+K;)? (3.17)

Ve observe that if there is an average of 0.5 excited v; quanta per CO, molecule, the
otal gain exceeds that of the regular band with 125%. This corresponds to a Ty of
/080 K, which is not unusual in a strongly excited CO; laser. It should be remembered
hat (1+N3)? is only an approximate factor, which accounts for the average expected
ontribution from the sequence bands. In reality, each sequence band has its own fine
tructure like the 10 atm gain curve in Figure 3.4, and it is not easy to predict the real
pectral shape of the total gain.

vhen the factor (14+N3)? and the line overlapping factor k is included, our final
xpression for the gain at the line centre of one of the regular laser lines will be

L00) = oo Aug g k) - (LR - (N - gf ‘Ng) (3.18)"

i}_ﬂ_'n) is the value of the line shape factor at the line centre corrected for line

verlapping.
@u—g—“vNQ) is the population inversion of the regular laser transition which can be

cpressed as in equation (3.15).

Vote that Yo and 7, are given in units of (cm™!),
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Hot bands might have been included in the model in a similar way as the sequence
bands. They are however significantly displaced from the regular bands, and in some
regions they do not contribute at all. This is the case in the R branch at 975 cm™
(see Figure 3.3b) where our laser oscillates in all the high-pressure laser experiments,
and we have therefore left the hot bands out of the model. (As explained previously,
the gain is highest in the R-branches at high gas pressures).

It should be noted that this theory is based on the assumption of pure Lorentz
overlapping between independent vibrational/rotational lines. It is however known
that line shapes are never exactly Lorenzian, and especially in the case of line over-
lapping, interaction between adjacent lines tends to distort the line shapes. Theoreti-
cal calculations have been carried out for CO, which show that such interaction leads
to higher gain (or absorption) on the line centres and lower gain (or absorption)
between the lines than what is predicted by simple Lorentz overlap theory (42). The
measured absorption on the line centres in a high-pressure CO, gas seems to agree
well with this theory (42), but the deviations from Lorentz overlap theory are typi-
cally less than 10% for pressures up to 10 atm.

It is probable that such effects will have some influence on the frequency tuning
characteristics of a high-pressure CO, laser, but we have not been able to analyse this
theoretically within the frame of the present work.

3.2 Theory of the optically pumped DF = CO, transfer laser

Having presented the theoretical background for the calculation of population densi-
ties and gain in the high-pressure CO, gas, we are ready to start the discussion of the
optically pumped high-pressure DF+CO, transfer laser. A qualitative discussion of
basic principles and features of the laser system was given in section 2.2, and here we
shall describe in further detail the various processes that are involved in the conver-
sion of pumping photons into CO, laser photons. The dynamics of the laser system is
described by a set of rate equations which will be solved in the computer simulations
of chapter 4.

At this point it may be instructive to repeat the energy level diagrams of Figure 2.5
showing the laser transitions of the DF pumping laser and the absorption and laser
transitions of the optically pumped DF-+CO, transfer laser. The diagrams are shown
in Figure 3.5.

The basic properties of the pumping laser radiation will be summarized in section
3.2.1. In section 3.2.2 we extend the four-temperature model of section 3.1.3, includ-
ing also characteristic temperatures for the DF absorbing gas, and a simplified block
diagram for the energy transport in the laser system is presented. The theory of the
different energy exchange processes is then treated in the following sections.

3.2.1 The DF pumping laser

Being a two-atomic molecule, DF has only one vibrational mode, and we denote its
vibrational frequency by », and its vibrational quantum number by v4. We also use
the notation v4P(J) for the vibrational/rotational transition (v4, J-1) = (v4-1,J). All
transitions (v4) = (v4—1) are briefly referred to as the (v4 = v4-1) transitions or the
(v4 = v4—1) bands. This notation is used for the DF pumping laser tr